The purpose of this paper is to study the processing technology and formation mechanism for obtaining an ultra-fine grain structure in plain low carbon steel long products. The paper describes characteristics of austenite dynamic recrystallization (DRX), dynamic restoration (DR) and deformation induced ferrite transformation (DIFT) of plain low carbon steel.
Introduction
In recent decades, steel grain refinement experienced a period of thermo-mechanically controlled processing (TMCP) in the 60-70's and deformation induced ferrite transformation (DIFT) in the 80's. In TMCP, a fine-grained microstructure is achieved through controlling the deformation temperature in the regions of austenite recrystallization and nonrecrystallization and accelerated cooling during deformation. TMCP is efficient way for improvement of mechanical properties of microalloyed steels. DIFT is the most efficient method of grain refinement for plain low carbon steel without microalloying elements. The reason for this is that the grain growth rate of plain low carbon steel is not controlled by TMCP during the rolling process. Yada et al. 1) obtained 2-3 mm ultra-fine grains in C-Mn steel through heavy deformation at -A r3 . They explained that the obtained ultra-fine grains occur through austenite (g)-ferrite (a) transformation during deformation. Furthermore, they succeeded in using accumulated deformation to produce ultra-fine grains.
2) Also, Hodgson et al. 3) produced fine grains of -1 mm through hot torsion of Si-Mn steels. The emphasis in these studies 2, 3) is on the processing mechanism of plain C-Mn or Si-Mn steels to obtain ultra-fine grained structures.
The rolling process of plain low carbon steels in modern metallurgical industries normally consists of austenite dynamic recrystallization (DRX) or static recrystallization (SRX) and ferrite dynamic recrystallization. The authors of the present paper further develop a new rolling process for plain carbon steel long products utilizing the synergistic effects of DRX of austenite, DRX of ferrite and DIFT to produce ultra-fine grain structure.
The analysis of the many experiment results [1] [2] [3] [4] [5] [6] [7] shows that the formation of ultra-fine ferrite grains (about 2 mm) at the temperature around A r3 must be the joint effects of deformation induced ferrite transformation (DIFT) and dynamic recrystallization of ferrite.
It has been noticed that the temperature of DIFT can be increased by increasing the strain. Emphasis was put on the process and mechanism of DIFT and DRX to obtain ultrafine ferrite grains finer than 3 mm for C-Mn steel. [1] [2] [3] [4] [5] [6] [7] By this method, ultra-fine grains have been obtained in other types of steels, and many experimental and research results for DIFT and DRX have been discussed. [2] [3] [4] [5] [6] [7] [8] However, the effect of deformation parameters and the formation mechanism of ultra-fine ferrite are not clear.
Thus the purpose of this project is to study the processing technology and formation mechanism for obtaining an ultra-fine grained structure in long products of plain low carbon steel (Q235 type). By means of microstructural refinement, the yield strength (YS) is increased to 400 MPa. The final goal is to refine ferrite grains to 4-5 mm and to control the microstructure in forming ferrite and pearlite (FϩP).
This paper describes characteristics of austenite dynamic recrystallization, dynamic restoration and DIFT of plain low carbon steel Q235.
Austenite Dynamic Recrystallization and Restoration
Austenite dynamic recrystallization for plain low carbon steel should occur and is ineluctable in the rolling process on an industrial scale (the bar rolling temperature: 950-1 100°C). In a similar manner DIFT can happen in the rolling process (the bar rolling temperature is above A r3 ) and the driving forces of both recrystallization and transformation are from hot deformation. In order to make clear the relationship of both interactive mechanisms, the dynamic recrystallization law was systematically investigated by the single-hit hot compression test. The critical conditions for austenite dynamic recrystallization were established.
True Stress-True Strain Curves
Experimental material was taken from a continuous cast billet of 120ϫ120 mm in section. Sample blanks were forged into rods of 12 mm in diameter. The chemical composition in weight percent is 0.18 % C, 0.22 % Si, 0.60 % Mn, 0.02 % P and 0.017 % S (Steel Q235). Hot compression tests were conducted on the Thermecmastor-Z simulator. F 8ϫ12 mm cylindrical specimens were machined with flat bottomed grooves on the end faces in order to minimize friction during compression. In addition, glass lubricant was used to fill in grooves and applied to the end faces of samples. The experimental conditions were as follows: reheated at temperature T r for 3 min followed by cooling at 10°C/s to the deformation temperature T d . After deformation specimen was cooled to 300°C at 10°C/s on the Themecmaster-Z. The reheating temperature (T r ) was in the range of 900-1 300°C; deformation temperature (T d ) 850-1100°C; strain rate (ė ) 0.1-60 s
Ϫ1
; true strain (e) 0.9. Initial austenite grain sizes within 30-400 mm were obtained. The austenite to ferrite transformation starting temperature (A r3 ), the transformation finish temperature (A r1 ), the eutectoid temperature of pearlite (T s ) and equilibrium temperature (A e3 ) of steel Q235 are 790, 610, 710 and 840°C respectively. The equilibrium temperature was calculated by using the program Thermo-Calc, and others were measured on the Gleeble 2 000 hot deformation simulator. Figure 1 shows the true stress (s)-true strain (e) curves under different deformation conditions. In the case of the high strain rate (ė ), the s-e curves behave as a dynamic recrystallization (DRX) type with single stress peak or a dynamic restoration (DR) type. Figure 1 (a) shows that, when the deformation temperature is lower than 850°C, the behavior of hot deformation austenite changes into DR (the deformation conditions were as follows: T r ϭ1 100°C, ė ϭ 0.5 s
, T d ϭ850-1 100°C), and DIFT occurs after dynamic restoration (see the strain-stress curve at T d ϭ800°C). Figure 1 (b) shows DR of deformation austenite occurs at conditions of high temperature T d ϭ1 000°C and high strain rate ė Ͼ20 s
. Also, the s-e curves behaves as a partial dynamic recrystallization (DRX) type at deformation condition of strain rate ė ϭ5 s
, shown in Fig. 1(b) . Under deformation conditions of high reheating temperature T r ϭ 900-1 300°C, deformation temperature T d ϭ900°C and low strain rate ė ϭ0.1 s
, s-e curves behave as a dynamic recrystallization (DRX) type, shown in Fig. 1(c) .
According to the fact mentioned above, deformation temperature, strain and strain rate have a remarkable influence on flow stress and DRX behavior of hot deformed austenite, that is, feature parameters describing DRX, such as peak stress s p , strain e p corresponding to peak stress and volume fraction of DRX vary with as-above deformation parameters. Generally, when decreasing temperature and increasing strain rate, s p increases and moves to the direction of larger strain and the DRX rate becomes slower. As strain increases, s-e curves exhibit a transition from work hardening to work hardening plus DR and/or DRX. When temperature is lower or strain rate is higher, the flow strainstress curves will exhibit dynamic restoration characteristics. According to these tested strain-stress curves DIFT should occur after dynamic recovery. This result proved that, when the specimen was given a deformation with higher strain rate or at lower temperature, austenite dynamic recrystallization did not happen in plain low carbon steels during deformation. Energy from deformation can fully utilized to induce ferrite transformation. crystallization will occur after deformation. The result is consistent with the previous results. 4) If partial DRX occurs during deformation, metadynamic recrystallization will follow after deformation.
Description and Determination of DRX
where: T is absolute temperature, K; ė is strain rate, s
Ϫ1
, Q is the apparent activation energy for deformation, J/mol, R is the gas constant, 8.31 J/mol · K
. The general accepted relation between stress and Z has been proposed by Sellars and Tegart 9) :
Where A, a , n are constants; s* ss is the saturation stress due to dynamic restoration alone. During the hot compression experiments, when the steady state of DR was reached, the saturation stress was measured directly from the stressstrain curve. If the flow curve did not display a steady-state regime, due to softening by dynamic recrystallization, a hypothetical saturation stress s* ss , which could be attributed to dynamic restoration alone and corresponding to a workhardening rate of zero, can be obtained by means of extrapolation, shown in Fig. 2 . The calculation of author shows that, the approximation by substituting s p for s* ss has hardly any influence on regression results. Figure 3 illustrates the relationship between LN(Z) and LN(sinh 0.012s* ss ). Equations are determined as follows: . Further tests are needed to study the relationship between Z c and D 0 .
A lot of experimental results [10] [11] [12] [13] [14] show that the following relationship exists between e p , D 0 and Z c :
and e c ϭP 4 · e p
Where P 4 Ϸ0.83, other coefficients can be obtained by regressing experimental data: Figure 4 shows the relationship between LN(e p ) and LN(Z ), when the reheating temperature is 1 100°C.
Deformation Induced Ferrite Transformation
Deformation induced ferrite transformation is controlled by deformation parameters. Therefore the roles of strain, strain rate, and deformation temperature on DIFT have been examined in detail. The influence of these parameters on the ferrite microstructure was also investigated.
The experiment was carried out on a computer controlled, hot deformation simulator Gleeble 2000 and Thermecmaster-Z. The temperature region was 930-680°C, a reduction region of 20-60 % and a strain rate region of 0.1-40 s Ϫ1 were selected to study the influence of processing parameters on the ferrite grain size. The experimental conditions are as follows: reheated at 950°C for 2 min and followed by cooling at 10°C/s to test temperature. After deformation the specimen was cooled to 300°C at 10°C/s on the Themecmaster-Z or water quenched on the Gleeble 2000. The cooling rate of specimens was 3-20°C/s test the effect of cooling rate on ultra-fine ferrite formation. The stress-strain curves during deformation and diameter dilatation curves measured by laser were recorded by computer, to check whether DIFT and DRX occur or not during deformation. 
Influence of Deformation Temperature on Microstructure
The experimental results show that ferrite transformation can be induced in the temperature range of A e3 -T s (pearlite eutectoid temperature).
Three deformation temperature regions A e3 -A r3 , A r3 -T s , T s -680°C were selected. A single pass deformation with eϭ80 %, ė ϭ30 s Ϫ1 and two pass deformations with e 1 ϭ e 2 ϭ50 %, ė ϭ30 s Ϫ1 were applied and after deformation specimens were immediately water quenched.
When the deformation temperature was equal to T s , deformed ferrite and pearlite remain and result in a striped microstructure (Fig. 5(c) ). When deformation is in the range of T s -T s ϩ(30-50)°C, the deformation bands appear in some ferrite grains and ferrite shows cell structure with heredity of deformed austenite (Fig. 5(b) ). When deformation in T s ϩ50°C-A e3 , homogenous and equiaxed ferrite grains can be obtained (Fig. 5(a) ). So, the author of this paper consider the temperature range for DIFT is 830-750°C. Figure 6 shows the ultra-fine grained structure can be obtained by the heavy deformation in range of 870-760°C. The fraction of ferrite is largely above 85%. Figure 7 shows the diameter dilatation curves after deformation of 60% at different temperatures (930-800°C) and strain rate 30 s
Ϫ1
. It was found that the temperature of g-a transformation was increased by deformation and the DIFT occurs just when the temperature is lower than 850°C under this deformation condition. Figure 7 shows that when the deformation carried out at temperature 830°C, the g-a transformation inflexion of the curve is not present. That means DIFT happened during deformation. Also the deformation does not remarkably increase the g-a transformation temperature (A r3 ϭ780°C), when deformation temperature is above 850°C. So the deformation temperature is very sensitive to DIFT.
Influence of Reduction on the DIFT Start
Temperature Figure 6 shows that when a large strain (above 80 % nominal deformation) has been applied in the temperature range of A e3 -A r3 , the deformation temperature has little influence on the volume fraction of deformation induced, dynamically recrystallized ferrite. However, when the deformation carried out at lower temperature the grain refinement can be achieved under same conditions. 8) For a given deformation condition a critical degree of deformation (minimum deformation volume for DIFT) is necessary for the formation of deformation induced ferrite. Figure 8 shows that the temperature of the g-a transformation increases with increasing reduction. The critical degree of deformation to obtain DIFT is about 20 % reduction under this deformation condition.
Influence of Strain Rate on the DIFT Start Tem-
perature Strain rate plays a very important role in DIFT by controlling the holding time of DIFT and activation energy required by DIFT, when the specimen is given same deformation value. So strain rate is considered to influence the amount of deformation required to achieve DIFT. Figure 9 shows that the temperature of DIFT changes with strain rate. To obtain ultra-fine grained ferrite, the strain rate was given in a range of 5-20 s
Ϫ1
. Furthermore, the experimental results by summarizing strain-stress curves (Fig. 7) show that strain have not markedly influence the start temperature (P s ) and finish temperature (P f ) of pearlite transformation in plain low carbon steel (Fig. 10) , as found by authors. 8) Figure 6 shows the ultra-fine grains of 3 mm in diameter obtained in plain low carbon steel through the combination of DIFT and DRX.
Influence of Cooling Rate on Ferrite Grain Size
Controlled cooling after rolling is one of the most effective ways to control ferrite grain size for steel Q235. The samples are heated at 900°C for 30 s, cooled to the deformation temperature, deformed in compression with Ln(d/d 0 ) of 34 % and a strain rate 10 s
Ϫ1
, then cooled at different cooling rates after deformation. The results are shown in Table 2 . It can be seen that the grain size has been reduced to -4 mm by accelerating cooling at 20°C/s and good properties have been obtained. 
400 MPa Strength Level Rebar of Plain Carbon
Steel Low temperature rolling of ribbed steel bars was carried out on a modern continual bar rolling mill by using the new technology. The ultra-fine grained structure can be obtained when rolling in 950-800°C region. It is proved that the YS of the ribbed steel bar can reach 400 MPa or more when the ferrite grain size is reduced to 4.5-6 mm, see Fig. 11 .
Conclusion
For plain low carbon steel dynamic recrystallization occurs under conditions of high temperature T d у1 000°C and low strain rate ė р10 s
Ϫ1
. The parameters describing dynamic recrystallization, that is Z parameter, and strain e p , were determined. A model of the stress-strain curve was established and shown give to good predictions of DRX.
Homogeneous and equiaxed ferrite with a grain size of 2 mm for the common carbon steel Q235 can be obtained by controlling deformation parameters in the temperature range of A e3 -A r3 . The result is regarded as the joint effects of both mechanisms of deformation induced ferrite transformation and dynamic recrystallization of ferrite.
Under condition of hole-type rolling, Q235's ferrite grain size can be refined to 4.5-6 mm and the yield strength reaches 400 MPa by means of a large amount of accumulated deformation at a temperature near to A r3 .
